Composite thin films incorporating vertically aligned carbon nanotubes (VACNTs) offer promise for a variety of applications where the vertical alignment of the CNTs is critical to meet performance requirements, e.g., highly permeable membranes, thermal interfaces, dry adhesives, and films with anisotropic electrical conductivity. However, current VACNT fabrication techniques are complex and difficult to scale up. Here, we describe a solution-based, electric-field-assisted approach as a costeffective and scalable method to produce large-area VACNT composites. Multiwall-carbon nanotubes are dispersed in a polymeric matrix, aligned with an alternating-current (AC) electric field, and electrophoretically concentrated to one side of the thin film with a direct-current (DC) component to the electric field. This approach enables the fabrication of highly concentrated, individually aligned nanotube composites from suspensions of very dilute ð/ ¼ 4 Â 10 À4 Þ volume fraction. We experimentally investigate the basic electrokinetics of nanotube alignment under AC electric fields, and show that simple models can adequately predict the rate and degree of nanotube alignment using classical expressions for the induced dipole moment, hydrodynamic drag, and the effects of Brownian motion. The composite AC þ DC field also introduces complex fluid motion associated with AC electro-osmosis and the electrochemistry of the fluid/electrode interface. We experimentally probe the electric-field parameters behind these electrokinetic phenomena, and demonstrate, with suitable choices of processing parameters, the ability to scalably produce large-area composites containing VACNTs at number densities up to 10 10 nanotubes/cm 2 . This VACNT number density exceeds that of previous electric-fieldfabricated composites by an order of magnitude, and the surface-area coverage of the 40 nm VACNTs is comparable to that of chemical-vapor-deposition-grown arrays of smaller-diameter nanotubes. 
I. INTRODUCTION
As a result of their 1D structure and extraordinary intrinsic properties, carbon nanotubes (CNTs) find a wide range of existing and potential applications, including chemical sensing, 1 nanoelectronics, 2 advanced structural materials, 3 water and gas transport, 4,5 energy conversion and storage, 6 and artificial photosynthesis, 7 among others. In order to fully benefit from the unique mechanical, electronic, and transport properties of CNTs, many applications require macroscopic samples of well-organized CNT architectures such as vertically aligned carbon nanotube (VACNT) arrays, CNT sheets, or CNT ropes. 8 In particular, for fluid-transport applications, membranes having VACNTs as through-pores have been reported to have flow rates that are three-to-five orders of magnitude higher than expected by Poiseuille flow theory. 4, [9] [10] [11] [12] Such VACNT membranes also exhibit selective permeability for gas and liquid mixtures, [13] [14] [15] [16] making them attractive for applications that demand high mass flux and species selectivity. Beyond filtration and gas-separation applications, VACNT composites may also have utility as thermal-interface materials 17 for the thermal management of electronic devices, or as novel dry adhesives that mimic gecko feet, 18 among numerous other applications. Many of these potential applications require large-area VACNT composites.
Chemical vapor deposition (CVD), which is the dominant synthesis method to produce bulk CNT powders, can also fabricate VACNT arrays. 19, 20 Typical nanotube number densities of order 10 11 À 10 12 , and up to 10 13 CNTs/cm 2 in the best cases, can be produced by CVD growth, depending on the nanotube size. The highest densities, which correspond to nanotube area coverages (and volume fractions) of 0.2, are just under the close-packing limit for vertically aligned singlewall carbon nanotubes. 21 However, the growth of highquality, small-diameter, VACNT arrays by CVD is costly and difficult to scale-up to large areas, which has delayed the commercial utilization of VACNT membranes and composites. Therefore, alternative, post-growth CNT-alignment methods have been sought to efficiently fabricate large-area VACNT nanocomposites. Post-growth alignment approaches include hydrophobic-filter-induced alignment, 5 electric-field or magnetic-field assisted alignment, [22] [23] [24] chemically assisted self-assembly, [25] [26] [27] and hot-press mechanical stretching. 28 Chemically assisted self-assembly techniques are capable of producing VACNT number densities on the order of 10 target short CNTs with lengths below approximately 100 nm. [29] [30] [31] This is significantly shorter than the micron or tens-of-micron lengths desired for typical VACNT membranes or composites. Magnetic fields have successfully aligned carbon nanotubes but require enormous field strengths on the order of 10 T. 32 The electric-field-assisted alignment of CNT networks has also been previously studied, 22, [33] [34] [35] with authors using CNT dispersions with equivalent number concentrations up to 10 9 CNTs/cm 2 . However, a common pitfall of electric-field alignment is that even at moderate CNT volume fractions, the field does not result in individual CNT alignment but instead creates agglomerated CNT chain structures. 23, 24, 36, 37 Additionally, randomly oriented CNTmixed-matrix membranes have been fabricated from 2 to 5 wt. % CNT solutions, [38] [39] [40] but due to a large portion of unaligned CNTs, achievable surface coverages were only 0.01% in the best cases.
Here, we demonstrate a solution-based, post-growth alignment method that mitigates agglomeration and achieves individual CNT alignment. It is able to produce VACNT number concentrations exceeding that of previously electricfield-fabricated composites by an order-of magnitude, and nanotube-surface-area coverages that approach those of smaller diameter CNTs. Distinct from prior work on electric-field (E-field) alignment of CNTs, we rationally design a composite, alternating-current (AC) and directcurrent (DC), electric field to align and concentrate CNTs in polymer solution. In particular, while the AC field aligns the CNTs, the DC field acts via electrophoresis to locally increase the CNT concentration at the surface of the thin film. Because of this, we are able to start with extremely dilute CNT suspensions without compromising the final CNT number density.
We use direct optical visualization of the dynamics of individual nanotubes to study the fundamental electrokinetics of electric-field alignment in polymer suspension. The observed rate and degree of nanotube alignment are compared with models incorporating classical expressions for the induced dipole moment, hydrodynamic resistance to rotation, and Brownian motion of 1D polarizable particles. Using parameters derived from the electrokinetic studies as a guide, we demonstrate the electric-field assisted fabrication of VACNT composites, and systematically study factors affecting the number density and spatial uniformity of aligned CNTs at the composite surface.
In the following, we first review the electromechanics responsible for nanotube alignment and describe the experimental methods before discussing our results on CNT electrokinetics and thin-film fabrication.
II. BACKGROUND
There have been a relatively limited number of studies of the dynamics of individual CNTs in the dilute limit under electric fields, e.g., Refs. 41-43. However, the theory of the electromechanics of particles suspended in a media is well established. [44] [45] [46] Prior work has studied the electrokinetics of 1D nanomaterials in various aqueous and organic solutions [47] [48] [49] [50] [51] and found that dipole forces, induced charge electro-osmosis (ICEO), and Brownian motion all contribute to particle dynamics. 32, 52 The key to predicting the electromechanics of 1D polarizable particles is the calculation of the induced dipole strength as a function of the particle shape, size, and orientation, as well as the electrical permittivity and conductivity of both the particle and surrounding media. For long slender particles like CNTs, the induced dipole lies primarily in the direction of the longest principal axis. The induced dipole strength can be quantified by the electrostatic potential U, defined as the potential difference between a particle aligned perpendicular as compared to one aligned parallel to the E-field. The potential function of a high-aspect ratio particle with an induced dipole aligned at an angle h with respect to the applied electric field is then
The induced dipole can most easily be controlled by varying the strength and frequency of the applied electric field. In particular, the frequency of the applied field can place the AC response into either of two limiting regimes, one dominated by electrical-conductivity effects, and the other dominated by electrical permittivity. The MaxwellWagner interfacial polarization model 44, [53] [54] [55] predicts a crossover frequency, f MW , such that when the frequency of the applied field is well below f MW the dipole strength depends only on the ratio between the conductivities of the particle and media, i.e., U ¼ Uðr p =r m Þ. Similarly, in the high-frequency limit (applied frequencies much greater than f MW ), the dipole energy depends only on the permittivities and can be expressed U ¼ Uðe p =e m Þ. In general, U will increase as the conductivity or permittivity ratio deviates from 1. As discussed in more detail later, the MaxwellWagner crossover frequency is sufficiently high (of order 10 10 Hz) such that the low-frequency limit is the relevant regime for conducting CNTs in high-resistivity polymer solutions. In the low-frequency limit for cylinders much more conductive than the fluid (i.e., f ( f MW and r p =r m ! 1), the Maxwell-Wagner model predicts an electrostatic potential
where L is the nanotube length, D is the diameter, and E is the root-mean-square electric-field strength. Equations (1) and (2) predicting the dipole polarization of CNTs in an applied electric field are the basis for the models of the rate and degree of alignment of CNTs in polymer suspension that will be examined in this paper.
III. METHODS
To fabricate VACNT composites and to study the electrokinetics of CNT alignment and concentration increase in polymer solution, multiwall carbon nanotubes (MWNTs) were purchased from Nanostructured & Amorphous Materials, Inc. (Stock #1238YJS). These MWNTs (L ¼ 0.5-2 lm, D ¼ 30-50 nm) were functionalized to increase dispersability by oxidation with a mild 5.3 M HNO 3 bath at 110 C with magnetic stirring for 1 h, followed by a thorough rinsing with de-ionized water, before being filtered to dry. [56] [57] [58] For comparison, longer MWNTs were also purchased from Sigma-Aldrich (L ¼ 0.5-200 lm, Product #636630) and used in some experiments without oxidation to preserve their length. In both cases, the MWNTs were first dispersed with tip ultrasonication (Misonix 3000, Misonix Inc) at 85 W for 3 min in 3 ml of one of several organic solvents obtained from SigmaAldrich, either 1,2-dichloroethane (DCE), 1,2-dichlorobenzene (DCB), or n,n-dimethylformamide (DMF), and then mixed in equal parts by volume with ultraviolet (UV) curable polymer (Laromer 9033, BASF Co) and re-sonicated. Laromer 9033 is an aliphatic urethane acrylate with good elasticity typically used for coatings. To harden the composites, 2 vol. % photoinitiator (Darocur 1173, BASF Co) was added and the CNT-polymer solution was photo-crosslinked with a UV lamp (BlueWave LED Prime UVA, Dymax Corp). However, no photoinitiator or UV exposure was used in electrokinetic experiments which did not require curing. Nanotube volume fractions varied between / ¼ 1 À 40 Â10 À5 in the polymer suspensions, depending on the type of experiment being performed.
The viscosity of the 50:50 Laromer-DCE mixture without CNTs was measured with a concentric-cylinder rheometer to be 48.7 cP at shear rates ranging from 100 to 600 s À1 (DVIIþ, Brookfield Inc), while the dielectric constant was measured to be 11 by analyzing the RC response of a parallel-plate capacitor immersed in the solution.
Different electrode setups were used to study the rate and degree of nanotube alignment, and to fabricate VACNT thin films, as seen in Figs. 1(a)-1(c) . In all cases, AC electric fields (some with DC offsets) were generated by a function generator (33120A, Hewlet Packard) and amplified by AC amplifiers (2100HF or E609-6, Trek Inc). Visualization of the nanotube dynamics was performed under bright-field illumination with an inverted optical microscope (Model IX71, Olympus Inc) using a 100Â oil-immersion objective. Videos of nanotubes were recorded with a high-speed, highsensitivity camera (PCO.edge sCMOS, PCO AG) and analyzed using image-analysis code written in Matlab. A representative time-sequence of images of the E-field-induced CNT alignment can be seen in the inset of Fig. 3 .
The alignment rate of CNTs at low volume fraction (/ ¼ 2 Â 10 À5 ) was studied using the four-sided electrode depicted in Fig. 1(a) . Here, an AC electric field could be applied in either of two perpendicular directions. The CNTs were first aligned in one direction, and then the field was switched and the CNTs were observed as they swept across an angle of 90 into alignment with the new E-field direction. The electric-field was switched back and forth in this fashion so that the alignment of each tube could be measured up to eight times. Nanotubes were only observed in a 30 Â 30 lm region in the center of the electrode, where COMSOL simulations verified that the E-field varied by no more than 0.2%.
The degree of CNT alignment was investigated by observing CNTs in the parallel-electrode arrangement seen in Fig. 1(b) . These electrodes were constructed by using copper tape that was precisely cut with a digital craft cutter (Silhouette). For these experiments, unoxidized, long CNTs at a very low volume fraction of / ¼ 1 Â 10 À5 in Laromer-DCE were observed for 250 s as they fluctuated under the influence of electrostatic-alignment energy and Brownian motion. Data were only taken for nanotubes that started in the center of the electrode and drifted less than 200 lm, to ensure the E-field strength varied by less than 0.3%. Experiments probing the frequency response of the fieldinduced alignment were also performed using the parallel electrodes seen in Fig. 1(b) , with the sole difference being that over the course of the experiment, the applied E-field frequency was logarithmically swept from 10 Hz to 1 MHz.
To fabricate VACNT polymer composites, 20 ll of a well-dispersed suspension of oxidized MWNTs in a Laromer-DCE mixture (/ ¼ 4 Â 10 À4 ) was placed on a transparent, conductive, indium-tin-oxide (ITO) coated glass slide (SPI #06404-CF, SPI Supplies), and sandwiched between another ITO slide with a 100 lm thick spacer (FLEXcon Corp), as seen in Fig. 2(a) . This created 100 lmthick composites that were approximately 2 cm in diameter. The nanotubes were vertically aligned by the application of a vertically oriented, spatially uniform AC E-field, as schematically depicted in Fig. 2(b) . To increase the local concentration of aligned MWNTs, the nanotubes were electrophoretically driven to one side with the introduction of a DC component to the E-field, as shown in Fig. 2 (c). This field was applied for durations varying between 15 and 960 s, leaving nanotubes locally concentrated on the electrode with negative DC offset. The electrophoretic motion of the VACNTs and their deposition on the anode is consistent with our measurements of a positive zeta-potential for the MWNTs in DCE. Following this, the sample was exposed to UV light to photo-crosslink the Laromer solution, as seen in Fig. 2 (d). The hardened polymer composite was next detached from the electrodes to form a free-standing thin film, and its CNT-rich surface was oxygen-plasma treated for 2 min at 100 W (Nordson PX-250, Nordson Corp) to etch away the excess polymer and expose the tips of the VACNTs, as depicted in Figs. 2(e) and 2(f). After fabrication, the films were characterized with optical microscopy to evaluate the uniformity of the deposition, and with scanningelectron microscopy (SEM) to observe individual nanotubes and measure the VACNT number density.
IV. RESULTS AND DISCUSSION
In the following, we first discuss our experiments on the rate and degree of nanotube alignment in polymer suspensions under spatially uniform AC electric fields. Quantitative comparisons are made with classical models of the behavior of polarizable, 1D particles in liquid media under the combined effects of electric-field-induced alignment, hydrodynamic drag, and Brownian motion. We then demonstrate the electric-field assisted fabrication of VACNT composites from polymer solution, and discuss factors affecting the number density and spatial uniformity of aligned CNTs at the composite surface.
A. Alignment rates
The alignment of individual MWNTs was studied in a 50:50 Laromer-DCE mixture at low CNT volume fraction (/ ¼ 2 Â 10 À5 ) using AC fields at nine field strengths evenly spaced between 44 V/mm and 440 V/mm, oscillating at 10 kHz. This range was constrained on the lower end by requiring Brownian motion to be at least 5Â less significant than the alignment energy U. Figure 3 shows the experimentally measured orientation as a function of time, for one nanotube under an applied AC E-field of root-mean-square strength 139 V/mm. Alignment of the individual MWNT in the solution is seen to take on the order of hundreds of milliseconds at this field strength. The rate of alignment can be quantified by the maximum angular velocity, X, that the nanotube experiences as it sweeps into alignment (occurring when h ¼ 45
). By fitting the orientation as a function of time to an equation of the form 49 tan h ¼ e À2Xt tan h 0 (where h 0 is the initial angle of the CNT), it is possible to extract a value of X for an aligning CNT. As seen in Fig. 4 , the alignment rate of individual CNTs is seen to depend on the square of the electric field over a range of one order of magnitude in field strength and two orders in alignment rate. This is consistent with prior experiments on CNTs in various nonpolymeric solvents. [41] [42] [43] To interpret the results, we consider the electrostatic and viscous-flow moments acting on a rotating nanotube. At the very low Reynolds numbers typical of our experiments (defined by CNT length and rotation rate as Re qXL where l is the viscosity and q is the density of the solution), the inertial terms are insignificant, and the nanotube dynamics are determined by the instantaneous balance between electrostatic torque and the hydrodynamic frictional moment acting on the rotating nanotube, i.e., s e þ s f ¼ 0. The electric-field-induced alignment torque is given by s e ¼ À@U= @h, where U is the nanotube's potential function as previously given in Eq.
(1). The classical expression for viscousflow torque on a rotating cylinder at low Reynolds number is s f ¼ Àf r _ h, where the hydrodynamic rotational friction constant of a cylinder, f r , is 45 f r ¼ plL
The nanotube alignment rate can then be expressed as _ h ¼ ÀU sin 2h=f r . Employing Eq. (3) and the model for the electrostatic potential of metallic cylinders in the low frequency limit given in Eq. (2), this can be further expressed as
where a ¼ L=D is the aspect ratio of the CNT and FðaÞ is defined
As seen in the inset of Fig. 4 , as a increases, FðaÞ quickly saturates and the expected alignment rate no longer depends on particle size or aspect ratio. For this reason, the alignment-rate data from nanotubes of different lengths at the same field strength can be averaged together. Moreover, FðaÞ ! 1 for large aspect ratios, so the classical expression for the rotation rate of a needle-like particle is recovered. 49 The solid line in Fig. 4 shows the predicted maximum alignment rate, which can be modeled by X ¼ U MW =f r ' e m E 2 =4l. This modeled maximum alignment rate, which also has an E 2 dependence, 44 agrees well with the experimental data over the range of field strengths studied. It can also be noticed that the data in Fig. 4 is, on average, a factor of 1.3 lower than the theoretical curve. This slight retardation of the nanotube rotation rate may be a result of dielectric friction due to interactions between the induced dipole in the particle and molecular dipoles in the polar solvent, thus leading to an increased resistance to nanotube rotation. Similar retardation of rotation rates has been reported for silver nanowires in KCl solution, 59 proteins in water, 60 and singlewall nanotubes in organic solvents. 42 Nonetheless, the simple model of Eq. (4), based on classical expressions for the dipolar potential energy and rotational-friction constant of metallic, high-aspect-ratio cylinders, can reasonably describe the alignment dynamics of polymer-suspended CNTs under electric fields. One implication of this agreement between the model and experimental data is that continuum hydrodynamics appears to hold for external flow about carbon nanotubes. Based on these results, there is no evidence of inherently low hydrodynamic friction between the nanotube and solvent that would explain the three-to-five-orders-ofmagnitude higher-than-expected flow rates found by experiments and simulations for internal flow in small-diameter carbon nanotubes. 4, [9] [10] [11] [12] This suggests that a different mechanism, such as axial confinement of fluid molecules, is more likely to be responsible for the fast transport that has been reported for carbon-nanotube pores. 42 This is also consistent with recent molecular dynamics simulations that reported the liquid-graphene friction coefficient increases with negative curvature (fluid outside the CNT) and decreases with increasing positive curvature (fluid inside the CNT). 61 
B. Degree of alignment
After alignment by the external electric field, a nanotube's orientation is continually perturbed by random thermal fluctuations. We next seek to experimentally measure the degree of nanotube alignment by observing individual nanotubes over time under the influence of Brownian motion. The inset of Fig. 5 shows the measured probability distribution of orientations for one CNT as Brownian motion causes it to fluctuate over the course of 250 s. The observed degree of alignment is quantified using a best-fit probability distribution derived from the Maxwell-Boltzmann distribution
using U as the only adjustable parameter. Here, N is a normalization constant such that Ð p=2 0 PðhÞ dh ¼ 1. We note that rather than directly measuring the nanotube angle h with the E-field, in actual optical systems the camera observes a projected angle u. Assuming that thermal perturbations do not FIG. 4 . Nanotube alignment rates for MWNTs measured in 50:50 Laromer-DCE solution using the four-sided electrode shown in Fig. 1(c) . Error bars represent mean 6std. dev. of the sample sets measured. The solid line shows the modeled maximum angular velocity, which depends on the electrostatic potential and friction as X ¼ U MW =f r . Inset: Graph of FðaÞ. For values of a greater than 8, F deviates from its asymptotic value of 1 by less than 1.8%. The aspect ratios of nanotubes used in this experiment varied between 20 and 100.
favor any direction, Eq. (6) can be adapted to represent the effective probability distribution of u as
Equations (6) and (7) were used to extract the value of U from a sequence of images. In Fig. 5 , this process was done for 21 nanotubes in 50:50 Laromer-DCE and graphed as a function of CNT length. While both degree and rate of alignment scale as E 2 , we note that, unlike alignment rates which are independent of nanotube length, the degree of alignment is expected to depend on nanotube length since U MW itself varies as L 3 =ln L. The measured data in Fig. 5 follow the expected length dependence very well, but the data lie above the theoretical curve by a factor of 1.8, on average. This discrepancy may be due to the variation of CNT diameter. If the observed CNTs (or CNT bundles) were to have an approximate diameter of 160 nm, the theoretical curve would pass through the center of the data. SEM images do indicate the presence of tubes with diameters as large as 175 nm in our samples.
A practical parameter that can describe the degree of CNT alignment is the orientational order parameter S 1 2 h3 cos 2 h À 1i, where h i denotes an ensemble average. For perfect alignment with the electric field, S ¼ 1, while completely random orientations (an isotropic distribution) would result in S ¼ 0. The orientation parameter S was calculated from the distribution of h in Eq. (6) using the measured value of U. We note that this technique probes the orientational order parameter on optical lengthscales of order 500 nm, and that S may vary depending on the method used. Figure 6 shows how S can be controlled by varying the strength of the applied E-field. In this figure, it can be seen that for the longer nanotubes (mean L ¼ 2.04 lm), an E-field of 41 V/mm would be required to achieve S ¼ 0.95, while for the shorter tubes (mean L ¼ 0.99 lm), a field of 110 V/mm would be required to achieve the same degree of alignment. In an effort to generate highly aligned (high S) composites, we can see that feasible values of the electric field of the order 100 V/mm can achieve a very high degree of alignment for CNTs of typical dimensions.
C. Frequency response
The interfacial polarization that is primarily responsible for nanotube alignment under an external electric field is a result of differences in the electrical properties of the particle and fluid. As previously discussed, the frequency response is divided into two regimes split by the Maxwell-Wagner crossover frequency f MW , with different dipole strengths predicted for the limits f ( f MW and f ) f MW . The MaxwellWagner crossover for conducting SWNTs in water has been shown to be above 10 7 Hz. 62 Measurements 63,64 of MWNT conductivity to be above 2 Â 10 4 S/m suggest that f MW should be greater than 10 10 Hz in a solvent like Laromer-DCE. Since both are well above the 10 kHz frequencies used here to study nanotube alignment rates and degree of alignment, we assume the low-frequency limit given in Eq. (2). However, the charging of an electrical double layer in the fluid at the particle-fluid interface can screen the E-field reaching the particle and reduce the effective dipole strength. This would also introduce another timescale associated with the charging time of the double layer. To investigate the possible frequency dependence of the alignment behavior, nanotubes were suspended in 50:50 mixtures of Laromer with different organic solvents and observed while thermally fluctuating in the presence of an E-field as the AC-field frequency swept from 10 Hz to 1 MHz over 250 s. During this sweep, approximately 2000 images were taken of a single nanotube, with each image giving a value of u, the projected nanotube angle. Histograms of the nanotube orientation FIG. 5 . Variation in electrostatic potential and degree of alignment with nanotube length. Experiments were carried out with E ¼ 40 V/mm. Uncertainty in L was estimated to be 6300 nm due to the diffraction limit of imaging. The orientational order parameter, S 1 2 h3 cos 2 h À 1i, is graphed on the right y-axis. Inset: Measured probability distribution of alignment angle of one nanotube over time, along with a best-fit Maxwell-Boltzmann distribution defined in Eq. (7). The best-fit allows for U to be experimentally measured.
FIG. 6. Variation of degree of alignment with E-field for two sizes of nanotubes. Five short nanotubes (L ¼ 0.90-1.12 lm) and five long nanotubes (L ¼ 1.86-2.21 lm) were each studied under seven fields between 23 and 160 V/mm. At each voltage, the CNT was allowed to fluctuate under thermal energies for 35 s. Theoretical curves were generated based on the average length of the short and long CNTs. generated from 300 consecutive images were used with Eq. (7) to extract a value of U, which was taken as the polarization energy at the average value of the applied frequency during that interval. In this way, the electrostatic potential of the CNTs was measured as a function of the applied frequency. Figure 7 shows the measured electrostatic potentials over a 4-order-of-magnitude range of frequencies for MWNTs in 50:50 mixtures of Laromer and three different organic solvents. The experimentally determined potentials, U, are normalized by the expected potential energies, U MW , assuming Maxwell-Wagner interfacial polarization. A clear frequency dependence is seen in the alignment behavior for all Laromer-solvent mixtures, with the electrostatic potentials decreasing dramatically (by 4-10Â) at low frequencies. (We note that the electrostatic energies are about double the values predicted by Maxwell-Wagner model at high frequencies, which is consistent with the data shown in Fig. 5 .) The change in alignment energy occurs at frequencies in the range of 10 2 -10 5 Hz, depending on the solvent. In all cases, however, the transition frequency is seen to be far below the expected Maxwell-Wagner crossover frequency. This suggests that the observed frequency dependence is not associated with Maxwell-Wagner interfacial polarization, but another phenomenon like electrical-double-layer charging.
To interpret the results, we consider the charging time of the electrical double layer around the suspended particle.
The electrical double layer is expected to have a characteristic charging timescale of s / 1=k D r m , where r m is the fluid conductivity and k D is the double-layer thickness. 47, 65 Since the double-layer thickness itself is expected to scale inversely as the square-root of fluid conductivity, 47 the charging timescale is expected to be proportional to the conductivity as s / 1= ffiffiffiffiffiffi r m p . This corresponds to a critical frequency f Ã 1=s / ffiffiffiffiffiffi r m p . Below this frequency, charging of the electrical double layer can significantly screen the applied field acting on the particle, while screening would presumably be negligible above this frequency. Table I shows the solution conductivities r m and the measured transition frequencies f Ã for 50:50 mixtures of Laromer in three different organic solvents, DCB, DCE, and DMF. The solvent conductivities ranged from 7:0 Â 10 À7 to 3:8 Â 10 À4 S/m, with the highest conductivity coming from Laromer-DMF with the addition of 0.2 g/l of an ammonium salt, tetrabutylammonium tetraphenylborate. The transition frequencies were extracted from Fig. 7 by fitting to an S-curve characteristic of a capacitive electrical double layer, 44, 49, 66 
where U LF; HF are the electrostatic polarization energies in the low-and high-frequency limits, respectively. The crossover frequencies in Table I are seen to increase monotonically with increasing fluid conductivity, as expected for double-layer charging and Fig. 8 shows that the measured double layer charging timescale, f Ã , approximately obeys the expected scaling with fluid conductivity. The frequency range of the observed transitions is all much lower than the 10 10 Hz expected for Maxwell-Wagner interfacial polarization for suspended MWNTs. 63 Moreover, unlike the observed transition frequencies, the dependence of the Maxwell-Wagner crossover frequency f MW on fluid conductivity is expected to be insignificant for highly conducting, high aspect ratio particles. 44 All of these factors indicate that the variation in CNT alignment behavior that we observe in this frequency range is due to charging of the electrical double layer at the particle-fluid interface.
It should be noted that, while the E-field should theoretically be perfectly screened at low frequencies in the simplest model of the double-layer charging, the electrical double layer formed around the particle can itself move under the applied field. This phenomenon, known as ICEO, can also align the nanotubes, albeit at lower effective dipole strengths. 49 ICEO flow may be responsible for the non-zero values of U LF seen in the low-frequency limit. Furthermore, we note that although the E-field-induced aligning potential is significantly reduced at low frequencies, in practice, the strength of the field can be increased to compensate for decreased CNT alignment. For instance, to compensate for a 10Â decrease in effective electrostatic potential, the electric-field would need to be about three times higher. Finally, as will be discussed in Sec. IV D, ICEO flow in the polymer solution at low frequencies of the applied field can be beneficial for thin film fabrication by decreasing particle chaining and increasing the concentration of individual aligned CNTs at the nanocomposite surface.
D. Thin-film fabrication
We next turn our attention to the scalable fabrication of VACNT-polymer composites using E-field alignment of post-growth MWNTs dispersed in polymer solution. While an AC electric field rapidly and effectively aligns the suspended nanotubes, the poor solubility of CNTs (even functionalized CNTs) in the polymer severely limits the number density of individually aligned nanotubes in the composite. Thus, one of our goals for the solution-based fabrication of VACNT thin films is to increase the concentration of nanotubes in the film to densities beyond the solubility limit, to levels approaching that of less-scalable methods such as CVD-grown arrays. Here, we demonstrate and systematically study the use of a DC component in the E-field to introduce an electrophoretic force that drives the aligned CNTs from the bulk solution toward one electrode, significantly increasing the CNT concentration at that surface of the composite. In this way, it is possible to make thin films with high surface concentrations of VACNTs by beginning with a thick layer of dilute CNT-polymer solution, using AC electroorientation to align the CNTs, and simultaneously using DC electrophoresis to locally concentrate the VACNTs. In these processes, there are four electric-field variables that can affect the quality of VACNT composites: AC-field strength and frequency, DC-field strength, and the duration of the applied field before a UV light is used to photo-crosslink the polymer solution and lock the CNTs in place. In the following, we first examine a VACNT composite produced with a baseline set of parameters, and then vary each of the variables to determine their influence on the CNT number density and concentration uniformity at the surface of resulting thin film. Figure 9 (a) shows an image of a representative VACNT composite produced using the experimental setup of Figs. 1(c) and 2, with the baseline parameters of a 400 V/mm AC field at 100 Hz with a DC bias of À2:0 V DC . The combined AC þ DC field was applied for 4 min and then the polymer was photocrosslinked. The composite, produced from a 49:49:2 (vol.) Laromer-DCE-photoinitiator mixture with MWNT volume fraction / ¼ 4 Â 10 À4 , was 2 cm in diameter and 100 lm thick. It was pliable, and could easily be fabricated to larger dimensions using larger ITO glass electrodes. After 2 min of oxygen-plasma etching, the MWNTs protruded $100 nm from the surface, and these CNTs were well aligned as seen in the SEM images shown in Figs. 9(c)-9(f).
The low-magnification SEM image of this thin film shown in Fig. 9(b) reveals the presence of millimeter-scale spatial non-uniformities in the concentration of VACNTs deposited on the surface of the composite, with the CNTs preferentially concentrated in honeycomb patterns at the composite surface. The honeycomb patterns are qualitatively similar to patterns formed by thermal gradients during Rayleigh-Benard convection, 67 and are strongly reminiscent of electroconvective instabilities observed in aqueous systems during electrolysis in the parallel-plate geometry. 68 Analysis of the SEM images of the thin films indicated that VACNT number densities were approximately 2 Â 10 9 610% CNTs/cm 2 (6 std. dev between samples) in lower-concentration areas and 9 Â 10 9 625% CNTs/cm 2 in higher-concentration areas (at the boundaries of the honeycomb-shaped cells). Representative images demonstrating the counting of CNTs from SEM images can be found in the supplementary material (Fig. S1) . 72 These number densities, which correspond to MWNT volume fractions of / $ 0:01 and / $ 0:1 at the composite surface, are two-to-three orders-of-magnitude higher than the initial CNT volume fraction (/ ¼ 4 Â 10 À4 ) of the CNT-polymer suspension. The MWNT volume fraction (which is equivalent to the coverage area fraction for VACNTs) at the surface of our composites compares well with that achieved by the densest CVD-grown vertically aligned SWNT forests (/ $ 0:2). 21 Thus, the introduction of a DC component to the electric field is highly successful in increasing the concentration of VACNTs at the composite surface.
The honeycomb patterns in the VACNT thin films were observed during fabrication with optical microscopy and seen to be associated with large-scale fluid motion in the polymer-DCE solution before it was photo-crosslinked (Fig.  S2, Multimedia view) . 72 In low-frequency AC fields, colloidal particles can disturb the charged electrical double layer around an electrode, resulting in bulk fluid electro-osmosis. 47, 69 Without any DC field, the bulk fluid motion at 10 kHz was observed to be dramatically slower than that at 100 Hz (Fig. S3, Multimedia view) . 72 However, regardless of the AC frequency, the introduction of a DC offset resulted in significant fluid motion. We hypothesized that the DC response could be due to convective instabilities driven by electrochemical reactions. To test this, we probed for electrochemical reactions occurring at the ITO-electrode/ fluid interface at different DC field strengths 68 using an electrochemical workstation (Model 700B, CH Instruments Inc). Sweeping voltammetry measurements were performed with the 100 lm-spaced parallel-plate ITO electrodes to monitor the voltage dependence of the steady-state current through the Laromer-DCE solution, both with MWNTs (/ ¼ 2:5 Â10 À5 ) and without MWNTs. As seen in Fig. 10 , the I-V relationship in both cases has zero slope at low bias and an ohmic regime (nonzero linear slope) at high bias, implying a transition from insulating to conducting behavior at a critical DC voltage. The threshold for the onset of electrochemical reactions can be identified by finding the intersection between those two regimes of the I-V curve. The dashed lines in Fig. 10 show that this intersection occurs at a DC voltage of approximately 1.4 V DC . In Fig. 11 , we compare two composites fabricated with the baseline E-field parameters introduced previously, but with different magnitudes of the DC bias. The thin films produced with a DC component of À0.5 V DC , below the threshold voltage, were much more spatially uniform than films produced with a DC offset of À2.0 V DC . However, with the smaller DC offset, the rate of CNT-concentration increase at the surface of the composites was observed to be slower. This is due to both the smaller electrophoretic velocity of the CNTs, which scales linearly with the DC component of the E-field, 70 as well as the reduced mixing and bulk fluid motion due to reduced electroconvective instabilities. These results indicate that low DC potentials below the electrochemical threshold create the most spatially uniform VACNT composites, but if highly concentrated VACNTs composites are desired without concern for millimeter-scale spatial uniformity in the CNT distribution, then higher DC offsets increase the speed of thin-film fabrication.
We next varied the duration of the applied electric field to observe its effect on the VACNT concentration in different composites. The number densities in the higherconcentration areas were measured over time for 100-lm and 50-lm-thick composites. It can be seen in Fig. 12(a) that the MWNT number density in the higher-concentration areas of the composites increases rapidly at first, and then begins to level off, resembling an exponential rise with characteristic time in the hundreds of seconds. We observe that even in the presence of non-uniform VACNT deposition, the CNT number density also increases in similar fashion with time in the low-concentration regions. The initial rapid increase in VACNT concentration with time is attributed to a combination of (1) bulk fluid motion due to AC electro-osmosis, (2) DC electrochemical reactions leading to significant particle mixing, and (3) DC electrophoresis of the MWNTs. After long times, however, the CNTs are largely depleted from the bulk solution, as can be seen in Fig. 12(b) , and thus the electrophoretic concentration increase slows down. The overall rate of concentration increase is seen to be greater in the thicker, 100 lm composites as compared to the 50 lm composites. We note that by increasing the available number of nanotubes (i.e., using a larger volume of the CNT suspension), it should be possible to continue the concentration increase of VACNTs at the surface of the composite for longer times and achieve even higher CNT number densities than the 10 10 CNTs/cm 2 shown here. We next investigated the influence of the AC field strength on the concentration and uniformity of CNTs in the resulting thin film. Composites were prepared using AC Efields of varying strength at a frequency of 100 Hz, with a DC offset of À2.0 V DC and a duration of 2 min. As the magnitude of the AC field increased, the VACNT concentration at the surface of the composite increased with the AC E-field strength, before leveling off for E-fields higher than 10 3 V/ mm, as seen in the inset of Fig. 12(a) . The increase with Efield may be attributed to AC electro-osmotic flow, which theoretically scales quadratically with the electric-field strength. 47 The AC electro-osmotic-driven mixing is hypothesized to increase the number of CNTs that are transported to the vicinity of the electrode and eventually captured. With increasing field strength, the CNT concentrations finally level off due to depletion of nanotubes in the volume within the 2 min duration of the experiment, as seen in the inset of Fig. 12(a) . Another consequence of the enhanced AC electro-osmotic mixing is the more uniform deposition of VACNTs at the composite surface which can be noticed in Fig. 13 . At higher AC field strengths, even with greater bulk fluid motion, SEM images of the resulting composites show that the CNTs at the composite surface are well-aligned. We note that at an AC field strength of 1500 V/mm, the lower-concentration regions in Fig. 13(d) contain 10Â as many VACNTs as that of the composites created with an AC field of 400 V/mm [cf. Fig. 13(c) ]. The enhanced mixing caused by the AC electro-osmotic flow at higher field strengths is thus advantageous for the creation of dense, spatially uniform VACNT distributions on the surface of the thin films. Finally, we studied the effect of AC frequency on the fabrication of vertically aligned CNT-polymer composites using solution-based electric-field alignment. It was observed that the bulk fluid motion could be reduced by using a high E-field frequency, above the frequency f Ã associated with the charging timescale of the electrical double layer around the suspended particle (Figs. 7 and 8 ). For the composites fabricated at high frequencies, the CNTs were observed to chain together end-to-end. This actually decreased not only the spatial uniformity but also the CNT number-density at the composite surface. This MWNT chaining behavior at high frequencies is typical of dipoledipole interactions between polarizable particles. 44 Conversely, at lower frequencies, ICEO flow associated with the electrical double layer can cause a quadrapolar flow pattern around the nanotubes, pushing them away from each other, and favoring individually aligned CNTs rather than tip-to-tip chaining. 49 In order to visualize the increased chaining at high frequencies, we have used the horizontal electrode setup shown in Fig. 1(b) . At 10 kHz, MWNTs tend to chain tip-to-tip and form long chains, while at 100 Hz, they tend to align next to each other due to the quadrapolar flow around nanotubes (Fig. S4,  Multimedia view) . 72 This behavior is consistent with the observations of other groups on the behavior of freely suspended, large-aspect-ratio polarizable particles under electric fields of varying frequency. 49, 52 Thus, the microstructure of the VACNT composite can be tuned by controlling the frequency of the electric field.
High-frequency AC fields yield chained-CNT structures, while low-frequency AC fields result in individual CNT deposition. The former may have potential for thermal-interface materials, 71 where percolated CNT chain structures are desirable, while the latter is an attractive option for composites requiring high surface densities of individual CNTs, such as highly permeable VACNT membranes or VACNT films for dry-adhesion applications. 18 Additional challenges remain before this solution-based, E-field-assisted method can be used to fabricate highly permeable membranes with VACNT through-pores. First, the CNTs used must be longer than the thickness of the membrane. This is achievable if the polymer can be selectively cured into a few-micron-thick film, or if excess polymer can be efficiently removed from a thicker composite. Second, the CNTs may need to be initially capped to prevent polymer infiltration, and then subsequently uncapped by etching or other means to allow rapid transport. Finally, the smalldiameter CNTs that are desirable for highest permeability enhancement are also more challenging to maintain long (unbroken) and straight enough in the polymer solution to span the membrane. The current work is relevant for a broader spectrum of applications where the vertical alignment of the CNTs is critical to meet performance requirements (e.g., thermal interfaces, dry adhesives, and films with anisotropic conductivities).
V. CONCLUSION
Direct optical visualization of MWNTs suspended in a polymer solution has quantified the dynamics of individual nanotubes in varying AC E-fields. The rate and degree of nanotube alignment were both found to depend as the square of electric field, and the degree of alignment varies with nanotube length as L 3 =ln L. Both the rate and the degree of alignment compare well with simple models incorporating classical expressions for the induced dipole moment, hydrodynamic resistance to rotation, and the Brownian motion of 1D polarizable particles. Small deviations from theory (with the alignment rate slightly slower and the degree of alignment slightly greater than expected) may be due to higher-order effects including dielectric friction or the variation of the diameter of individual nanotubes or nanotube bundles. The achievable degree of alignment was very high, with the orientational order parameter exceeding 0.95 for 2-lm-long nanotubes at field strengths of only 41 V/mm. The alignment potential energy was found to decrease at low frequencies, with the transition occurring at a much lower frequency than the expected Maxwell-Wagner crossover frequency. Experiments with polymer solutions of different conductivity showed that this low-frequency transition was consistent with the charging of the electrical double layer around the particle. Even at low frequencies, ICEO flow associated with the motion of the electrical double layer caused the nanotubes to align, albeit at an approximately order-of-magnitude-lower effective dipole strength.
Using these observations, we have improved on past E-field-assisted fabrication techniques 22, 34 by using an AC E-field to align CNTs and a DC field to electrophoretically concentrate VACNTs at one surface of the composite. This combined AC þ DC field introduces complex fluid motions, including electro-convection and AC electro-osmosis, which affect the number density and spatial uniformity of VACNT composites. Low DC potentials below an electrochemical threshold of approximately 1.4 V DC prevent the formation of honeycomb patterns on the surface of the thin films, while higher AC field strengths enhance electro-osmotic mixing and create more-concentrated VACNT composites. Higherfrequency AC fields induce more tip-to-tip chaining of nanotubes as a result of dipole-dipole interactions, while lower frequencies result in ICEO flow that favors individually aligned CNTs. Using this AC field with a DC offset, we are able to fabricate VACNT composites with nanotube surface densities up to 10 10 CNTs/cm 2 . This is approaching the close-packing limit for MWNTs of the size used (7 Â 10 10 CNTs/cm 2 for 40 nm-diameter nanotubes), and comparable in terms of area coverage to the best CVD-grown forests of smaller-diameter CNTs. The composites produced have a much higher degree of individual CNT alignment than other E-field assisted techniques, 23, 24 and unlike chemically assisted self-assembly, 31 can align long CNTs. The solutionbased, electric-field-assisted approach aligns nanotubes of different sizes and types grown by any means, and is readily scalable to the efficient fabrication of large-area VACNT composites and membranes for a variety of applications.
